The composition and structure of rhizosphere bacteriobiome of the husk tomato (Physalis philadelphica Lam.) plants grown on Phaeozem in the open field in West Siberia, Russia (55°15' NL, 83°31' EL) were studied using Illumina MiSeq sequencing of the V3-V4 hypervariable region of 16S rRNA genes. In total 5898 OTUs (Operational Taxonomic Units) were found in the study, representing 20 phyla and 53 identified and 15 non-identified (below the phylum level) classes. The most OTUrich phyla were Proteobacteria, Acidobacteria and Actinobacteria, their relative abundance in the total number of sequence reads being 26, 22 and 19%, respectively. Bacteroidetes, Gemmatimonadetes and Verrucomicrobia phyla each accounted for 2 -4%. The rest 14 of the identified phyla were quite negligible, contributing less than 0.5% each. At the OTUs level, the structure was very even and equitable, as only 7 OTUs had relative abundance ranging from 0.5 to 1.1%. The main dominant OTU represented Bradyrhizobiaceae family, implying the importance of nitrogen-fixing bacteria for plant growth and development without any mineral fertilisation. The dominance biodiversity index was very low (0.001), while Shannon index was rather high (7.5). We believe the presented husk tomato rhizosphere bacteriobiome, as the first study using new generation sequencing platform for this species, will help get a better picture of Solanaceae microbiomes in different environments, thus contributing to a more comprehensive understanding of shaping microbial communities by plant roots.
NATALIA B. NAUMOVA 1 *, OLEG A. SAVENKOV 1 , TATIANA Y. ALIKINA 2 , MARSEL R. KABILOV 2 Sustainable crop production is of utmost importance for providing food, bioenergy, timber and other plant materials for the ever-growing human population. Except for carbon, plants derive macro-and micronutrients from soil, affecting the latter by their rhizodeposition and aboveground litter. Rhizosphere is the primary interface between plant and soil. The rhizosphere microbiota influences the plant fitness, which, in its turn, determines the quantity and qual-ity of phytomass production. Thus understanding plant-microbe interactions is indispensable for maintaining, increasing or restoring plant health (Berendsen et al. 2012; Wallenstein 2017) and agricultural ecosystem productivity (Ahkami et al. 2017) . Ideally, rhizosphere microbiota should be considered while breeding new cultivars (Saleem et al. 2018) , developing microbial preparations for plant protection from pathogens, for growth promotion.
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In the family Solanaceae Physalis L. is one of the most important genera with ca. 100 species, originating and distributed in tropical and temperate regions of America. Husk tomato (Physalis philadelphica Lam.), being native for Mexico and Guatemala (Zamora-Tavares et al. 2015; Martinez et al. 2017 ) and one of the most abundant Physalis species there (Zamora-Tavares et al. 2015) , recently enjoys growing popularity in other regions of the world, attracting attention for breeding and selection as a crop of nutritional quality (Valdivia-Mares et al. 2016) . Its fruits, rich in vitamins, minerals and antioxidants, recently were proved to have several beneficial properties on human health as a source of bioactive compounds (Khan et al. 2018 ) with anticarcinogenic (Zheng et al. 2019 ) and antimicrobial (Khan et al. 2016) properties. Even the waste of the crop has been attracting attention as an important source of pectin with highly distinctive physicochemical characteristics (Morales-Contreras et al. 2017) .
The forecast of further climate warming in the Asian part of northern Eurasia is promoting the cultivation of new unconventional crops in the region, including husk tomato, albeit so far on a small scale. This actualizes studies of husk tomato growth and development in the open field of this region (Naumova et al. 2019) . As there is no information about husk tomato rhizosphere microbiome, its composition and structure, the aim of our study was to profile 16S rRNA gene diversity in the rhizosphere of the husk tomato grown in the open field in West Siberia on Phaeozem, a widely spread soil type in agroecosystems of the region.
MATERIAL AND METHODS

Experimental setup
A micro plot field experiment was carried out during 2016 growing season in the open field in the forest-steppe zone in West Siberia (55°15' NL, 83°31' EL) as part of the larger experiment carried on simultaneously at several experimental stations to study husk tomato yield and fruit properties (Naumova et al. 2019) . The climate of the region is sharply continental with average (June, July and August) maximal temperatures in summer ranging 22 -26ºC and average precipitation ranging 40 -65 mm per month, with 119 days of the frost-free period. This type of climate is in stark contrast with the climate in Mexico, i.e. the country of the species origin, where Physalis sp. grows in the areas with tropical wet and dry climate with yearly temperatures varying from 20 to 24°C and up to 2,000 mm precipitation. The temperatures recorded over the growing period (103 days) by the data loggers placed 2 m above soil surface and in the soil at 1, 10 and 20 cm depths allowed to estimate active (>0ºC) temperature sums as 1,400ºC•day for the air and 1,544, 1,387 and 1,458ºC•day for the respective soil layers. The experiment was conducted on loamy agricultural soil, common for the region, classified as Luvic Greyzemic Phaeozem (Siltic, In the study, we used Physalis philadelphica Lam. (Solanaceae) of the 'Konditer' (Confectioner) cultivar which has been listed in the Russian State Crop Register since 1990 and recommended for most of the regions of the country. The cultivar is characterized by rounded/flat-rounded shaped fruits that are light green during the unripe stage and light yellow when ripe (Naumova et al. 2019) .
The seeds for the study were provided by the seed bank of the Central Siberian Botanical Garden SB RAS (Novosibirsk, Russia). No treatment was applied to the seeds prior to sowing into the plastic cassettes; the emerged plants were grown in greenhouse conditions for 50 days. Then on June 10, 2016 the young plants were planted out into the open field micro plot 2 m × 4 m at the density of 1 plant per 0.25 m 2 with 0.5 m interrow spacing. No fertilisers were applied. The weeds were manually removed throughout the season. The plant grew and developed very well (Table 1) , producing similar or higher yields as compared to its native environment (Smith et al. 1999; Ramirez-Godina et al. 2013) .
Methods
Soil sampling
At the end of the growing season, rhizosphere soil was collected from four individual plants, grown on one of the experimental sites described earlier (Naumova et al. 2019), as the soil strongly adhering to 1 -3 mm thick roots after gentle shaking (Zhao et al. 2010 ). The sampled soil was brought into the laboratory, thoroughly mixed, and the resulting soil samples were stored at -20°C prior to DNA extraction.
Extraction of total nucleic acid from the soil
Total DNA was extracted from the four soil samples using the DNA isolation Kit (DNeasy Power-Soil Kit, Qiagen, Germany) as per manufacturer's instructions. The bead-beating was performed using TissueLyser II (Qiagen, Germany) 10 min at 30 Hz. The quality of the extracted DNA was assessed by the spectrophotomer NanoDrop ND-1000 (Thermo Fisher, USA), by agarose gel electrophoresis and pilot PCR. No further purification of the DNA was needed.
16S rRNA gene metagenomic sequencing
The 16S DNA region was amplified with the primer pair V3-V4 combined with Illumina adapter sequences (Fadrosh et al. 2014) . PCR amplification was performed as described early (Igolkina et al. 2018) . A total of 200 ng PCR product from each sample was pooled together and purified through Min-Elute Gel Extraction Kit (Qiagen, Germany). The obtained libraries were sequenced with 2 × 300 bp paired-ends reagents on MiSeq (Illumina, USA) in SB RAS Genomics Core Facility (ICBFM SB RAS, Novosibirsk, Russia). The read data reported in this study were submitted to the GenBank under the study accession PRJNA556565 and the sequence read archive (SRA) accession number SRP216321.
Bioinformatics and statistical analysis
Raw sequences were analyzed with UPARSE pipeline (Edgar 2013) using Usearch v10.0. The UP-ARSE pipeline included the merging of paired reads; read quality filtering; length trimming; merging of identical reads (dereplication); discarding singleton reads; removing chimeras and operational taxonomic unit (OTU) clustering using the UNOISE-OTU algorithm. The OTU sequences were assigned taxonomically using the SINTAX (Edgar 2016) and 16S RDP training set v.16 (Wang et al. 2007) . Taxonomic structure of thus obtained sequence assemblages, i.e. a collection of different species at one site at one time (Fauth et al. 1996) , was estimated by the ratio of the number of taxon-specific sequences reads to the total number of sequence reads, i.e. by the relative abundance of taxa, expressed as a percentage. The data were represented as a median. Biodiversity indices were calculated with the help of the PAST 3.19 software (Hammer et al. 2001) .
RESULTS
The taxonomic richness of the husk tomato rhizosphere bacteriobiome
After quality filtering and chimera removal 5898 OTUs were found in the husk tomato rhizosphere soil samples. Archaea were represented by 17 OTUs, with 9 and 8 OTUs representing Euryarchaeota and Thaumarchaeota phyla, respectively. The 16S amplicon sequence reads datasets were analyzed by individual rarefaction (Figure 1) : the number of OTUs detected, reaching a plateau with increasing number of sequences, showed that the sampling effort was close to saturation for all samples, thus being enough to compare diversity (Hughes & Hellmann 2005) .
The number of OTUs per sample averaged 4,335, ranging from 4,100 -4,500. In total, 20 bacterial phyla and 53 identified and 15 non-identified (below the phylum level) classes were found. Quite a lot of sequences (16.6%) could not be classified below the domain level, most likely signifying their absence in the database. The most OTU-rich phylum was Proteobacteria with 2,552 OTUs, followed by Acidobacteria with 1,724 OTUs and Actinobacteria, represented by 1,384 OTUs.
Taxonomic structure of the husk tomato rhizosphere bacteriobiome
As for the relative abundance of taxa, assessed by the ratio of a taxon-specific sequences to the total number of sequence reads, the bacteriobiome of the husk tomato rhizosphere was dominated by Proteobacteria, Acidobacteria and Actinobacteria phyla (Figure 2) , with other phyla, such as Bacteroidetes, Gemmatimonadetes and Verrucomicrobia each accounting for 2 -4%. The rest of the identified phyla were quite negligible, contributing less than 0.5% each. At the class level Actinobacteria were the most abundant (Figure 3) , followed by Alphaproteobacteria and Acidobacteria group 6. Betaproteobacteria and Deltaproteobacteria contributed slightly over 2% each into the total bacteriobiome. Other Acidobacteria classes, i.e. groups 16, 3 and 4, accounted for 2 -4%. At the order level, some unclassified Acidobacteria group 6 were the most abundant, followed by Rhizobiales, Actinomycetales, Gaiellales and unclassified Actinobactria (Figure 4) .
At the OTUs level, the structure was very even and equitable: only 7 OTUs had relative abundance ranging from 0.5 to 1.1%. The main dominant OTU represented Bradyrhizobiaceae family and accounted for just 1.1%. Other dominants represented Spartobacteria class (one OTU with 0.8%), Acidobacteria group 16 (one OTU with 0.7%), Sphagnomonas genus of the Alphaproteobacteria (two OTUs with 0.5 -0.7%) and Actinobacteriales and Gaiellales orders of Actinobacteria class (also two OTUs with 0.5 -0.7%). Overall such low relative abundance for an OTU together with a very high number of OTUs detected resulted in very high diversity indices and extremely low dominance indices (Table 2 ).
DISCUSSION
In our study, we found very diverse bacteriobiome in the rhizosphere of the husk tomato grown on naturally developed Phaeozem in the open field. Among several thousands of detected OTUs only two OTUs had relative abundance of sequence reads Our data about the rhizosphere microbiome of the husk tomato were obtained by investigating rhizosphere soil samples collected from the plants grown in the open field in West Siberia, i.e. very far from the species native environment of this species in Mexico. Anyway, we compared our data with the respective data obtained in the crop's native environment. We were able to find just one paper with the information about Physalis ixocarpa Brot. rhizosphere microbiome diversity, published in 2010 (Marquez-Santacruz et al. 2010 ) and since then apparently remaining the main publication on the subject. Although the authors did not specify soil type in their article, most likely it was the same as in our study, as Phaeozems are the main agricultural soils cropped for vegetables in Guanajuato, Mexico, where husk tomato plants were sampled for that study. By cloning PCR V1-V9 amplicons and sequencing clone libraries the authors detected "only common soil bacteria", including Stenotrophomonas, Burkholderia, Bacillus, and Pseudomonas, in a 16S rDNA gene library of the rhizosphere. We also detected members of these genera, but in our study, they were extremely rare ones, represented by 7, 6, 29 and 37 OTUs, respectively, each of those OTUs contributing much less than 0.01% into the total number of sequence reads. Such a drastic difference in husk tomato rhizosphere bacterial diversity is due to the differences between the metagenomic DNA analyses, e.g. between sequencing clone libraries and direct sequencing, as well as differences in bioinformatic tools used. Also, partially the difference may be attributed to some differences in soil prop- Despite the wide use in Latin American cuisine and beneficial properties for human health, currently Physalis plants in general and husk tomato, in particular, are not the most economically important Solanaceae crops; therefore the lack of information about their microbiome does not seem surprising. Understandably, for such a major Solanaceae crop as tomato, there is more information available about its rhizosphere microbiome. So, being aware of plant species-associated differences in the rhizosphere microbiome, we tried to relate our results to some earlier ones reported on the tomato rhizosphere. One of the most complete characterization of the microorganism diversity associated with the rhizosphere of tomato Solanum lycopersicum L. cultivated in the open field was done with plants grown in Mexico on a Fluvisol, also by using cloning of PCR products and sequencing clone libraries: the phylum Firmicutes was found to be the most abundant (45%), followed by Proteobacteria (15%) and Gemmatimonadetes (13%) (Cordero-Ramirez et al. 2012) . So even at the dominant phyla level, there was no semblance between rhizosphere bacteriobiome phylum compositions of husk tomato grown in West Siberia and tomato grown in Mexico. In a study, performed by employing the Illumina MiSeq sequencing platform, albeit different bioinformatic tools, the rhizosphere of tomato plants, grown in greenhouses in Korea, was found to be dominated by Proteobacteria, followed by Actinobacteria and Bacteroidetes (Lee et al. 2016) . Acidobacteria representatives were also found among moderate (3.5%) dominants in the study, which is much less as compared with our study (ca.23%). Interestingly, in this Korean study, only 1.3% of all the MiSeq reads could not be classified at the phylum level, whereas in our study the number of such reads was substantially higher (ca.17%). We found two Sphingomonas sp. OTUs among the few most prevailing ones, albeit with just 0.5% of relative abundance, as compared to the very pronounced dominance of the genus in the tomato rhizosphere, where together with Sphignobium it accounted for 53%. Another marked difference was the dominance of Bradyrhizobiaceae in the husk tomato rhizosphere. The latter can be most likely attributed to the fact that in our study no fertilisation was applied, thus possibly recruiting and/or promoting nitrogen-fixing bacteria from the bulk soil. Although it was not explicitly stated (Lee et al. 2016) , one can assume that tomatoes grown in the greenhouses received some mineral fertilisation, which did not favour nitrogen-fixers growth in the rhizosphere. We also detected higher numbers of taxa at different taxonomical levels. Overall, the differences between the rhizosphere bacteriobiomes of the husk tomato in the open field on naturally-developed Phaeozem in Siberia and tomato grew in the greenhouse in Korea can be attributed mostly to the differences between the soil/soil substrate and then to the differences between the crops. We believe, however, that at the high taxonomic level of phyla and, the more so, at the dominant phyla, more semblance between rhizosphere bacteriobiome profiles of the same or closely related plant species could have been revealed despite different methodology. Thus the differences may most likely be resultant mainly from the differences in soil properties and indigenous soil microbiota pool, from which plants by root exudates and litter draw certain microbial species to compose their rhizosphere assemblage.
In contrast to our results, a study of the rhizosphere bacteriobiome of tomatoes grown in the open field in Maryland (USA) on a silt loam soil reported the dominance of Firmicutes (Bacilli) and Gammaproteobacteria (Allard et al. 2016) . In our view, the Firmicutes dominance in the tomato rhizosphere is somewhat surprising and might be related to the fertilisation history, i.e. application of cattle manure at the experimental site (Wang et al. 2018) , which was not specified in the article.
A recent study from China reported that the main dominant phyla in soil under tomato plants grown with groundwater irrigation were Proteobacteria, Acidobacteria and Actinobacteria, i.e. similar to the ones in our study with husk tomato. However, the alpha-diversity indices of the husk tomato rhizosphere bacteriobiome are much higher, Shannon and Chao-1 being 7.5 and 5,000 vs. 1.9 and 21 , respectively. Yet in an earlier study in greenhouse pot experiment the estimated alpha-diversity indices for tomato rhizosphere bacteriobiome (Cai et al. 2017) were 5.4 and 2,400, i.e. closer to the indices we present in this article. An-other study from China (Wang et al. 2018) recently reported for the bulk soil under tomato very high Shannon indices of 9.4 -9.9 and Chao-1, somewhat lower than reported in this study.
Since no fertilisation was used in our study, the husk tomato rhizosphere bacteriobiome, presented here, was shaped by the crop's nutrient preferences (Cai et al. 2017) , alongside with its root exudates and litter, as well as edaphic and other environmental factors.
CONCLUSIONS
Our exploratory study provides a glimpse into the composition and structure of the husk tomato rhizosphere microbiome: it was interesting to find highly diverse and equitable bacterial assemblage was at the interface between a non-conventional crop, originated in America, and a naturally developed soil in North Eurasia. The presented husk tomato rhizosphere bacteriobiome is the first one obtained by deep amplicon sequencing on Illumina MiSeq platform and may serve as a reference one for further research to get a better picture of specifics of Solanaceae microbiome in different environments, thus contributing to a more comprehensive understanding of shaping microbial communities by roots of these globally important crops.
